Abstract Resistant hypertension (RHTN), defined as an uncontrolled blood pressure despite the use of multiple antihypertensive medications, is an increasing clinical problem associated with increased cardiovascular (CV) risk, including stroke and target organ damage. Genetic variability in blood pressure (BP)-regulating genes and pathways may, in part, account for the variability in BP response to antihypertensive agents, when taken alone or in combination, and may contribute to the RHTN phenotype. Pharmacogenomics focuses on the identification of genetic factors responsible for inter-individual variability in drug response. Expanding pharmacogenomics research to include patients with RHTN taking multiple BP-lowering medications may identify genetic markers associated with RHTN. To date, the available evidence surrounding pharmacogenomics in RHTN is limited and primarily focused on candidate genes. In this review, we summarize the most current data in RHTN pharmacogenomics and offer some recommendations on how to advance the field.
Introduction
Hypertension (HTN) is the most significant and common chronic modifiable condition, affecting about 1 billion adults worldwide, and about 80 million adults in the US [1] [2] [3] . Elevated blood pressure (BP) is a major contributor to cardiovascular (CV) morbidity and mortality, including heart failure, stroke, myocardial infarction, and renal failure. These HTN-related CV complications are largely preventable if BP is treated and successfully reduced. However, the majority of patients with HTN worldwide do not achieve adequate BP reduction, despite the use of multiple antihypertensive medications, in many cases. Uncontrolled BP despite treatment with multiple antihypertensive medications is referred to as resistant HTN (RHTN).
There is no uniform definition of RHTN; however, the American Heart Association in its 2008 position statement [4] defines RHTN as a BP that remains ≥140/90 mmHg despite the use of ≥3 antihypertensive medications, including a thiazide diuretic ideally; or BP<140/90 achieved with use of ≥4 medications. RHTN is a complex phenotype with a multifactorial etiology that is driven by the interplay between a number of pathophysiological mechanisms. It is usually not possible to attribute RHTN to a single cause (Fig. 1) . Primary hyperaldosteronism is more prevalent in HTN than generally recognized and is estimated to be present in 20 % of patients with RHTN [5] . Even in the absence of primary hyperaldosteronism, patients with RHTN demonstrate higher levels of aldosterone and volume overload than individuals without RHTN [6] . The role of sympathetic hyperactivity in RHTN development is evident and well described [7, 8] , and is likely interrelated with volume overload in RHTN. Activation of the renin-angiotensin aldosterone system (RAAS) may constitute the mechanistic link between elevated aldosterone levels and the sympathetic hyperactivity [9] . Finally, excessive This article is part of the Topical Collection on Resistant Hypertension vascular inflammation, and endothelial dysfunction a net result of the heightened sympathetic system and aldosterone may be implicated in the development of RHTN [10] [11] [12] .
Inter-individual variation in drug response, or BP reduction, a more specific surrogate, is hypothesized to result from differences in individual genetic architecture. Pharmacogenomics focuses on studying genetic variants underlying the variability in response to drugs [13, 14] , with the goal of personalizing pharmacological treatment to an individual patient. The most frequently occurring genetic variation within the genome is called a single nucleotide polymorphism or SNP, which constitutes a single base substitution. It is estimated that there are approximately 10 million SNPs across the human genome. These SNPs account for the variability in disease risk as well as differences in drug response. Additionally, it is hypothesized that individuals who respond variably to drugs may present different subtypes of the disease. For example, patients who demonstrate a good BP reduction with one drug may have a different genetic and biological basis of their HTN than patients who demonstrate a better BP reduction with another drug. Ultimately, the study of the genetic variation associated with differences in BP reduction may help elucidate some of the genetic and mechanistic basis of HTN.
While pharmacogenomics research in HTN has witnessed advancement in recent years and many genetic variants for different antihypertensive drug classes have been discovered [15] [16] [17] [18] [19] , there has been slow progress in the application of pharmacogenomics research to the RHTN phenotype. Nevertheless, there are a handful of genetic studies that included patients with RHTN, the majority of them focused on revealing the genetic basis of RHTN. A few additional studies focused on a specific genotype-drug treatment response phenotype in patients with RHTN. The purpose of this review is to highlight the most recent RHTN genetic and pharmacogenetic literature (Table 1) , with a focus on identifying studies that could potentially guide treatment selection in RHTN and others that could potentially reveal a genetic basis for RHTN. Additionally, the potential for RHTN pharmacogenomics research beyond the candidate gene approach will be discussed, which would likely identify additional genetic markers and advance the field of RHTN pharmacogenomics in the future.
Recent RHTN Pharmacogenomics Studies
Excessive aldosterone plays an important role in the pathophysiology of RHTN [6] . Aldosterone exerts its sodium retaining effects via the kidney's distal collecting tubules, by binding to the mineralocorticoid receptor (MR). This leads to subsequent translocation of the receptor in the nucleus and transcription of genes, ultimately leading to activation of the epithelial sodium channel (ENaC) [20, 21] . In addition to these effects that are mediated through the kidney, aldosterone exerts adverse effects on the vasculature including inflammation, oxidative stress, vascular remodeling, and endothelial dysfunction [22] . ENaC plays an important role in BP regulation via sodium and volume handling [23, 24] . Inappropriate activation of ENaC due to genetic variation can lead to increased sodium and water reabsorption accompanied by reduced renin secretion, and therefore a low-renin subtype of RHTN [20, 25, 26] . Low-renin RHTN is commonly present in patients of African origin who harbor genetic variants in the ENAC, as an adaptive survival advantage in the sub-Saharan desert [27] . Mineralocorticoid receptor antagonists (MRAs) (e.g., spironolactone and eplerenone) are highly efficacious medications in RHTN, and their effects on BP lowering and vascular remodeling can occur even at low to moderate doses [28] [29] [30] . However, MRAs may not be effective when RHTN is driven by the over-activation of ENaC. In the ENAC over-activation scenario, amiloride, a diuretic that directly blocks ENaC, is more effective for BP lowering than an MRA [31] . Below, we review studies that evaluated antihypertensive drug-associated BP response according to a specific genotype.
Genetic Variation in Sodium and Water Handling Pathways

Epithelial Sodium Channel
The R563Q SNP, rs80311498, is a genetic variant in ENAC discovered in South African blacks and is associated with lowrenin HTN [25] . Recently, the association of this variant with HTN and with response to amiloride in those with RHTN, among patients from Southern Africa, was investigated [32] . The R563Q variant was found to be associated with HTN in Fig. 1 Multiple interrelated pathways involved in the pathogenesis of RHTN. Increased activity of sympathetic nervous system may activate the renal sympathetic efferents with a subsequent activation of RAAS. Excessive aldosterone promotes vascular inflammation and remodeling and may also trigger the activation of sympathetic nervous system. Vascular inflammation derived by excessive aldosterone or activated RAAS may contribute to endothelial dysfunction and arterial stiffness leading to RHTN. The double-headed arrows highlight the interplay of several pathogenic mechanisms in RHTN the urban areas, but not in Namibian or Northern Cape San, perhaps due to low dietary sodium consumption in these regions. Moreover, 22 patients with RHTN who carried one risk allele for the R563Q variant were treated with amiloride in addition to their antihypertensive regimen. BP was reduced by an average of 36/17 mmHg from an average of 172/ 99 mmHg prior to amiloride treatment (p<0.0001). This is an example of the application of pharmacogenomics in RHTN where the selection of a specific pharmacologic agent may be guided by genotype of the patients. However, this association needs to be confirmed among other populations before this could be universally implemented.
Aldosterone Synthase (Cytochrome P45011B2, CYP11B2) Aldosterone synthase (Cytochrome P45011B2, CYP11B2) is the rate limiting step of aldosterone synthesis in humans [33] . Based on the critical role of aldosterone synthase in aldosterone biosynthesis and previous associations with hypertension [34] , Brazilian investigators assessed the effect of the −344 C/ T polymorphism (rs1799998) in CYP11B2 on plasma aldosterone levels in 62 patients with documented RHTN [35] . After adjusting for gender, body mass index, and ambulatory BP, patients who were homozygote for the CYP11B2 variant (TT) had higher plasma aldosterone than those who were carriers of the wild-type C allele. Additionally, patients with TT genotype who were treated with an MRA demonstrated an increased level of aldosterone compared to those treated with an MRA with the CT or CC genotype. Further, patients not treated with an MRA who were TT homozygotes had a higher levels of aldosterone compared with those not treated with an MRA who were carriers of a C allele. The authors concluded that TT homozygote patients may be more susceptible to the aldosterone breakthrough phenomena [36] , which is characterized by an increase in aldosterone following MRA exposure. If this finding is confirmed in additional studies, it may be possible to conclude that treatment with an MRA is not preferred in patients with RHTN who are homozygote for the CYP11B2 variant (TT) due to aldosterone breakthrough. The CYP4A11 enzyme converts arachidonic acid to 20-hydroxyeicosatetraenoic acid (20-HETE), which is known to induce natriuresis through ENaC inhibition [37] . Genetic variants that reduce the activity of CYP4A11 may promote volume-dependent RHTN due to sodium and water retention as a result of ENaC activation. Laffer et al. sought to evaluate the effect of genetic variant rs3890011 in CYP4A11 on the 
The T allele of M235 was associated with RHTN in patients older than 50 Lynch et al. [77] 2203 
Genetic Variation of Response to Dietary Salt Reduction and Diuretics
Patients with RHTN often have occult volume overload, and diuretics are considered the backbone of effective management [39] . Additionally, sodium intake is a significant contributor to RHTN making dietary salt restriction especially effective in patients with RHTN [40] . A study by Pimenta et al. observed that reduction of salt intake to 1.1g/day reduced 24-h ambulatory BP by 23/9 mmHg in patients with RHTN [41] . Variable response to both dietary salt reduction and diuretics exists suggesting the involvement of genetic variants in sodium-handling mechanisms, including renal sodium reabsorption; both of which may play an important role in the overall RHTN phenotype. These genetic variations may result in the inability to excrete sodium in the face of increased sodium-chloride load, leading to salt-sensitive type of HTN, which is usually responsive to diuretic [42] . This has encouraged the investigation of the effect of genetic variation on both response to dietary salt reduction and diuretics. We refer readers to a recent review by Armando et al. [43] that covers the genetic and pharmacogenomic variations involved in saltsensitive HTN, which is beyond the scope of this review, and in the following text, we focus on some of the shared genetic variants between responses to dietary salt interventions and diuretics, particularly thiazide diuretics, which is a highly effective class in RHTN treatment.
α-Adducin α-Adducins are cytoskeletal proteins directly involved in sodium handling through the effect on Na + /K + ATPase, playing an active role in sodium reabsorption through renal tubules [44] . A non-synonymous SNP (Gly460Trp) in ADD1, the gene encoding adducins increases the activity of Na + /K + ATPase, and thus sodium reabsorption. This SNP was associated with sodium sensitivity and patients with 460Trp carrier had a greater BP response (−15 mmHg) 2 months after treatment with HCTZ compared with the wild-type genotype (−7.4 mmHg, P=0.001) [45] . A rare intronic SNP (rs17833272) in ADD1 was associated with a higher SBP, DBP, mean arterial pressure in response to high dietary sodium (18 g/day), and a lower DBP in response to lower sodium intake (3 g/day) [46] .
Guanine Nucleotide-Binding Protein β-Polypeptide 3
Similar to ADD1, guanine nucleotide-binding protein β-polypeptide 3 (GNB3) has been linked to salt-sensitive HTN and response to thiazide diuretics. The variant T allele of C825T was associated with lower plasma renin and pro-renin, higher aldosterone to renin ratio, and DBP [47] . Turner et al. tested the association of the SNP with response to HCTZ in a cohort of 197 African Americans and 190 whites from the Genetic Epidemiology of Responses to Antihypertensives (GERA) [48] . In the study, the variant allele was associated with responsiveness to HCTZ even after adjusting for clinical variables. The same association was observed in another study from the Netherlands where the T allele was also associated with a better BP reduction to HCTZ [49] .
Neural Precursor Cell Expressed Developmentally Down-Regulated 4-Like
Neural precursor cell expressed developmentally downregulated 4-Like (NEDD4L) encodes for ubiquitin ligase that negatively regulates ENaC leading to increased sodium reabsorption [50] . The rs4149601 G>A polymorphism, a wellstudied variant resulting in a cryptic splice site is associated with salt-sensitive HTN, where the G carriers of this SNP experience low plasma renin compared to non-carriers [51] . In the NORDIC Diltiazem (NORDIL) study, the G carriers, who were treated with either a thiazide diuretic or β-blocker had greater SBP and DBP reduction (−19.5 and −15.4 mmHg) than homozygous AA genotype (−15 and −14.1 mmHg); the genotype had no effect on BP response to diltiazem [52] . The association was confirmed in the Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) where increased reduction in BP response to HCTZ was observed with increasing copies of the rs4149601 G allele (SBP reduction for GG, GA, and AA: −12.4, −10.2, and −7.4; DBP reduction: −5.5, −5, and −2.2) [53] .
Recent Genetic Studies in RHTN
The following section describes studies that investigate the effect of genetic variation on RHTN.
Genes Related to Vascular Function
The role of vascular inflammation and endothelial dysfunction in the development of RHTN [10] has encouraged the investigation of polymorphisms in genes involved in BP regulation and vascular function. Nitric oxide (NO) has been a focus of HTN research due to its role in BP regulation through the effect on the endothelium-derived relaxing factor activity [54] . Additionally, depletion of NO is implicated in the pathogenesis of hypertension [55, 56] . NO is produced by NO synthase (NOS), which has three isoforms: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). While nNOS and eNOS are constitutively expressed, iNOS is induced by inflammation or cardiac damage [57] . During inflammation, NO produced by iNOS reacts with reactive oxygen species giving rise to peroxynitrite, which leads to vascular dysfunction [57, 58] . Oliveira-Paula et al. assessed the association between three known functional SNPs in iNOS and RHTN [59] . The SNPs evaluated included the following: a missense SNP (g.2087G>A) that changes an amino acid from serine to leucine and increases iNOS activity [60] ; the microsatellite (CCTTT) n and g-1026C>A SNPs, which are located in the promotor region and increase expression of iNOS [61] [62] [63] . Moreover, the association between RHTN and the haplotype made by these three SNPs was evaluated. The analysis included 113 normotensive individuals, 115 with controlled HTN, and 82 with RHTN. The variant genotypes of g.2087G>A SNP (AA+ GA) were more frequent in the HTN and RHTN groups compared with the normotensive group (OR=2.05, p=0.0016). Additionally, the haplotype made by the short microsatellite repeat, the variant allele of g.2087G>A, and the wild allele of g-1026C>A (SCA) was more frequent in the HTN group compared with the RHTN group (OR=0.14, p=0.012). The authors concluded that g.2087G>A variant may predispose to HTN and that the SCA haplotype is protective from RHTN. However, the effect of the genetic variants in relation to antihypertensive-associated BP response was not evaluated in the study. Additionally, the variants studied were more common in both HTN and RHTN, which makes it hard to draw a conclusion about the role of these variants in RHTN.
Nitric oxide synthase 3 (eNOS) Variants and Phosphodiesterase Type 5 Inhibitors
As described above, NO plays a key role in maintaining vascular tone and vasodilation. NO exerts its vasodilation properties through stimulating guanyl cyclase, which converts GTP to cGMP leading to vascular smooth muscle relaxation and vasodilation [64] . cGMP is broken down by cGMP-specific phosphodiesterase type-5 (PDE5), which can be inhibited by PDE5 inhibitors leading to cGMP accumulation and smooth muscle relaxation. Agents like sildenafil and tadalafil, which are commonly used for erectile dysfunction treatment due to their vasodilatory effects, have been studied as potential antihypertensive agents [65] . Oliver et al. conducted a proof of concept study to evaluate the effect of combination of isosorbide mononitrate (ISMN) plus sildenafil on BP reduction in patients with RHTN. In this small study, six patients with RHTN were randomized in a doubleblind four-way crossover to sildenafil (50 mg), ISMN (10 mg), a combination of sildenafil plus ISMN, or placebo [66] . The patients were maintained on their original antihypertensive medications during the study. While each of the agents resulted in a greater BP reduction than placebo, the combination of sildenafil and ISMN produced the largest decline in BP (SBP/DBP of 26/18 mmHg). This study suggests the effectiveness of PDE5 inhibitors, either alone or in combination, in the treatment of RHTN; however, the results have not been confirmed in larger studies with chronic administration.
Because polymorphisms in eNOS may affect the availability on NO availability, studies evaluated the effect of eNOS variants on response to PDE5 inhibitors in patients with ED. Several polymorphisms in eNOS were studied including T786C, variable number of tandem repeats (VNTR) in intron 4 and Glu298Asp [67] [68] [69] [70] . Additionally, the (C-Glu-b) haplotype, made by the C allele of T786C, the Glu allele of Glu298Asp, and the 4b allele of tandem repeats, was associated with lower nitrate and nitrite, a surrogate for low endogenous NO, which may explain differences in response to drugs influencing NO activity [71] [72] [73] . The same haplotype was also associated with higher risk for HTN in adolescents and obese children [74] . Since the T786C polymorphism has been associated with lower transcriptional level [75] , and thus lower levels of NO, investigators conducted exploratory evaluations of the SNP effect on hemodynamic and BP responses after acute use of sildenafil in RHTN patients [76] . Despite the improvement of hemodynamic properties after sildenafil administration including mean arterial pressure, total peripheral resistance (TPR), and diastolic dysfunction parameters, there was no significant change in nitrite levels or cGMP levels after treatment or by genotype. Also, the CC genotype was associated with a higher TPR than TT genotype [76] . If PDE5 inhibitors gain approval for use in RHTN management, a more thorough investigation of the effect of eNOS polymorphisms and haplotypes will be important to fully understand the impact on BP reduction in RHTN patients.
Genes in Unrelated Pathways
The multifactorial etiology of RHTN and the involvement of multiple pathways motivated Yugar-Toledo et al. to investigate the association of genetic variation in three genes: the M235T polymorphism (rs699) in the angiotensinogen gene (AGT), the insertion/deletion polymorphism (rs1799572) in the angiotensin I-converting enzyme gene (ACE), and the Glu298Asp polymorphism (rs1799983) in eNOS [54] . The individual effect of the three genetic variants, their interaction, and gene/environment interactions were tested among 70 patients with RHTN, 80 patients with controlled BP, and 70 normotensive individuals. No associations were observed for any of the studied genetic variants using logistic regression modeling after adjustment for age, gender, body mass index (BMI), low-and high-density lipoproteins, total cholesterol, and glomerular filtration rate. However, the T allele of the M235T polymorphism in AGT was associated with increased risk for RHTN, particularly in age >50.
Lynch et al. evaluated the association of 78 candidate gene polymorphisms in 2203 participants with RHTN and 2354 controls in the Genetics of Hypertension-Associated Treatment (GenHAT) [77•] , the ancillary genetic study to the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) [78] . ALLHAT investigated the difference in fatal coronary heart disease and non-fatal myocardial infarction between the three classes of antihypertensive medications: calcium channel blockers (amlodipine), angiotensin-converting enzyme inhibitors (lisinopril), and a thiazide-like diuretic (chlorthalidone) [79] . After adjustment for clinical covariates and multiple comparisons, no significant genetic markers were identified in African Americans; however, two SNPs (rs699 and rs5051) in AGT were associated with RHTN in Caucasians. The wild-type allele of rs699 (Met allele) and the variant allele of rs5051 (G) were associated with increased risk for RHTN: OR=1.27 (1.12-1.44, P=0.0001) and OR=1.36 (1.20-1.53, P<0.0001), respectively. It was noted that these alleles were less common in African Americans. The interaction between the two SNPs, rs699 and rs5051, and race was evident when the data from Caucasians and African Americans were combined (P =0.0004 and 0.0001, respectively). It is interesting to note that the association found for the rs699 in AGT was opposite to that found in the previously described study by Yugar-Toledo [54] et al. Carriers of the T allele are at increased risk of RHTN. This may be explained by the different pattern of genetic structure of the populations investigated in the two studies; the Brazilian population had a higher degree of admixture including African, European, and Amerindian ancestry [80] . The effect of genotypes on BP response to antihypertensive drugs was not evaluated.
Fontana et al. [81•] used genetic data generated from the Human CVD Beadchip array, which contains approximately 50,000 SNPs in~2000 genes involved in CV, inflammation and metabolic processes to assess the associations in 1225 controlled HTN and 526 RHTN participants from the genetic sub-study of the International Verapamil SR-Trandolapril Study (INVEST) [82] . INVEST randomized HTN patients with documented coronary artery disease to a verapamilbased or atenolol-based BP-lowering treatment strategy and followed patients for long-term CV outcomes. For this analysis, logistic regression analysis was conducted separately in European Americans and Hispanics using an additive genetic model, adjusted for predictors of RHTN previously identified in INVEST, including age, gender, BMI, congestive heart failure, left ventricular hypertrophy, peripheral vascular disease, percutaneous coronary intervention, stroke, and randomized treatment assignment [83] . An intronic SNP (rs12817819) in the ATP2B1 gene was found to be associated with RHTN in both European Americans (OR = 1.57 (1.17-2.01), P =2.44×10-3), and Hispanics (OR = 1.76 (1.27-2.44), P=7.69×10-4). The ATP2B1 association was evaluated in the Women's Ischemia Evaluation Syndrome (WISE), which aimed at improving ischemic heart disease diagnosis and recognition by enrolling women undergoing angiogram indicated for chest pain or myocardial ischemia [84] . Although the association of the ATP2B1 rs12817819 SNP was not statistically significant in WISE, the direction was consistent with INVEST. Additionally, the chip-wide significance level was achieved when INVEST and WISE were combined through a meta-analysis (OR = 1.65 (1.36-1.95), metaanalysis p value=1.60×10-6). ATP2B1 has been associated with HTN in genome-wide [85] and gene-centric studies [86] and encodes a plasma membrane calcium/calmodulindependent ATPase, which is involved in intracellular calcium homeostasis and smooth muscle cell contraction.
The Need for Expansive Genetic Approaches in RHTN Pharmacogenomics
Therapeutic-related benefits are likely to be optimized if pharmacotherapy is customized to an individual's clinical and genetic risk factors instead of the more commonly used Btrial and error approach^. Despite the efforts to unravel the genetic determinants of RHTN, none of the findings from studies to date are ready for clinical implementation. This is partly due to lack of replication of findings and the small sample sizes. In addition, the focused scope of the studies evaluating only well-characterized genes and polymorphisms make it hard to gain new insights into RHTN, owing to the complex genetic architecture and the presence of multiple genetic variants interacting together to derive the phenotype. Therefore, it is of paramount importance to have a more comprehensive approach to survey the association of genetic variants across the whole genome and RHTN. The successful completion of the Human Genome Project, and the continuous efforts to catalog human genetic variations, including the International HapMap Project [87] and the 1000 Genomes [88] have provided the scientific community with a wealth of genetic information that can be used to reveal the genetic basis of diseases and phenotypes. Additionally, the availability of more advanced genetic platforms at more affordable cost makes it possible to employ the genome-wide association study (GWAS) approach to reveal genetic associations with RHTN.
GWAS analysis of pharmacogenomic phenotypes (for example, drug response) is based on the principle of identifying common genetic variants that are statistically different between cases and controls, where the cases are those experiencing the phenotype of interest (in this case, RHTN) and the controls are those without the phenotype of interest. For a specific drug response phenotype, cases and controls are selected from the extremes of the drug response distribution, which maximizes the power to detect significant association(s).
Despite the feasibility of the GWAS approach in the field of antihypertensive pharmacogenomics, which has led to successful discoveries of novel genetic loci for BP response [16, 18, 19] , its application in RHTN pharmacogenomics may be more complicated owing to the presence of multiple drugs, which is what defines the RHTN phenotype. A possible solution is the creation of a cohort of RHTN cases and a cohort of easily controlled HTN patients (non-RHTN), followed by GWAS analysis, evaluating the effect of the genetic variants on RHTN, conducted separately by drug class exposure. Although the analysis by individual drug class has the potential advantage of identifying genotypes that may harbor increased or reduced risks of RHTN within those exposed to a specific drug class, it can significantly decrease the number of cases and controls within each drug class, which can reduce the power to identify significant associations. However, the presence of large cohorts or clinical trials with existing data on multiple antihypertensive classes and BP response may overcome the problem of reduced power in GWAS of RHTN. Ideally, the GWAS analysis should be performed using a dataset that was designed for the purpose of evaluating RHTN, an example of such dataset is the ongoing clinical trial of Resistant Hypertension Optimal Treatment Trial (ReHOT) [89] . ReHOT is an ongoing prospective clinical trial designed to evaluate the prevalence of RHTN and the optimum fourth antihypertensive added to an optimized three-drug regimen in patients with stage II HTN from 26 sites in Brazil. Adherence to drug therapy will be confirmed by pill count and RHTN will be determined and confirmed by ambulatory blood-pressure monitoring (ABPM) after the maximum titration of the three antihypertensive drugs (diuretic Bchlorthalidone^, angiotensin-converting enzyme inhibitor Benalapril^or angiotensin receptor blocker Blosartan^, and calcium channel blocker Bamlodipine^). Patients with confirmed RHTN will be randomized in an open label to either a MRA Bspironolactone^or a sympatholytic Bclonidine^and the primary outcome is effective BP reduction assessed in the office and with ABPM after 12 weeks of drug administration. Several biological samples, including DNA, will be collected to determine markers associated with RHTN and its successful treatment. While this dataset or datasets with similar design are considered by far the best to test RHTN genetic associations, identification of such datasets has been difficult, and thus it has been necessary to create RHTN case-control cohorts from within datasets from well-conducted large HTN clinical trials.
Because the GWAS analysis approach assesses the associations of millions of SNPs in the genome, the chances of false positive associations are enormous, and therefore replication of identified associations in independent cohorts is essential to have confidence in GWAS level signals with RHTN. Therefore, identification of suitable replication cohorts, with wellmatched RHTN phenotypes, is one of the largest challenges for successful replications of GWAS signals in RHTN. Additionally, the lack of a consensus definition for RHTN among different studies poses another problem, which highlights the need for harmonization of the RHTN phenotype. To address the need for increased sample size and suitable replication cohorts, researchers in the same discipline are establishing collaborative efforts in the form of consortiums that contain combined genetic and clinical data to facilitate the GWAS analyses among the research groups.
Several pharmacogenomics consortia currently exist and have documented the ability to overcome the shortcomings of individual cohort efforts through this important type of collaboration. The International Consortium for Antihypertensive Pharmacogenomics Studies (ICAPS), icaps-htn.org, is one such consortium and represents an ongoing collaborative effort among research groups that own genetic and clinical data on BP response, CV outcomes, and adverse metabolic effects to antihypertensive medications from small and large clinical trials, as well as epidemiologic studies. ICAPS aims to advance the pharmacogenomics of antihypertensive medications facilitated through conducting GWAS in larger studies, performing meta-analysis, and replicating results across multiple ethnic groups. ICAPS offers the opportunity to conduct a large-scale RHTN GWAS analysis using the HTN treatment trials with genome-wide genotypic data and constructed RHTN phenotype including INVEST [82] and the AngloScandinavian Cardiac Outcomes Trial (ASCOT) [90, 91] .
Lastly, RHTN, which is a complex phenotype, is likely caused by a collection of common and rare variants, which together may explain the genetics of the phenotype. While the common variants can be identified by the described GWAS approach, identification of the less frequent or rare variants requires a comprehensive sequencing of the genome using next-generation sequencing methods that are becoming more widely used in the field of genomics and pharmacogenomics [92] . Therefore, the identification of the full spectrum of genetic variants will likely advance the RHTN pharmacogenomics through improving knowledge of the genetic underpinnings of the phenotype and understanding the relationship between genetic variants and drugs and how they work together to affect the phenotype i.e., the favorable or risk drugs for RHTN by genotype. The ultimate translation of pharmacogenomics findings in RHTN into clinically actionable information is important for improved BP response and CV outcomes, and requires new knowledge of the biological/pathogenic effects of the discovered variants.
Equally important is the functional validation of the discovered variants by testing the effect of the drugs on the BP response in the context of RHTN. Identifying the appropriate in vitro modeling system to evaluate the effect of identified variants, as well as the ability of drugs to modulate the RHTN phenotype is challenging. The induced pluripotent stem cells (iPSC), a novel technology currently used in the field of genomics and pharmacogenomics, holds promise in modeling the functional consequences of discovered GWAS associations [93] . Using this technology, a somatic cell from a specific patient can be transformed into a pluripotent state that has the potential to differentiate into the relevant cellular model system for the phenotype [94] . For RHTN pharmacogenomics, iPSC-derived cells from patients with RHTN and the genotype of interest can be transformed into the appropriate tissue. These iPSCderived cells will retain the genomic information of the patient and can be used as a platform to evaluate the effect of an antihypertensive drug at the cellular level. Another way to understand the pathogenic effect of the variants is to genetically edit the variant in the iPSC derived from a patient, for instance, convert the variant into a wild type and evaluate if the phenotype can be reversed.
Conclusions
RHTN pharmacogenomics candidate gene studies have identified some SNPs that impact response to MRAs and amiloride but have yet to achieve the level of significance necessary for clinical implementation. While the advancement in genotyping technology has made possible the characterization of genetic variants across individuals in genetic studies, RHTN has not yet reaped the benefits of more comprehensive genetic approaches such as GWAS, genome sequencing, and others used in the pharmacogenomics research. It is anticipated that well-designed GWAS studies will indeed identify genetic loci for RHTN. Additional recommendations to reveal the genetic basis of RHTN include, but are not limited to, standardization of the phenotype, identifying less common variants using sequencing methods, and understanding the biological role of the discovered variants using in vitro modeling systems like iPSCs. Although the path to identify RHTN risk loci remains challenging, it is certainly worthwhile. Gaining a thorough understanding of the genetic background of RHTN is crucial in many ways, including the ability to predict an individual's risk for RHTN, as well as improving an individual's outcomes through optimization of drug therapy tailored to clinical and genetic risk factors. The potential for pharmacogenomics research in RHTN is likely to progress, especially if the above recommendations are considered.
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